In connection to an environmental investigation of a former industrial site, the cretaceous sandy limestone bedrock in the surrounding area were mapped with resistivity and time domain induced polarization (DCIP). The aim of the DCIP survey was to delineate geological units and possible preferential pathways of DNAPL contaminated groundwater. Although IP anomalies corresponding to fractured crystalline bedrock have been observed previously and are commonly interpreted as results of clay weathering, there are not many studies of the IP behavior of limestone in previous research. In contrast to silicates, the weathering of calcite minerals in pure limestone results only in dissolution, without any weathering products in form of minerals. In this study, varying resistivity values and large IP anomalies were found in the sandy limestone bedrock, which are probable indications of weakness zones. The observed strong IP anomalies may be caused by calcite dissolution and precipitation processes or by clay mineral precipitation from chemical weathering of the silica grains contained in the sandy limestone. Another possibility may be sporadic presence of glauconitic sand in the limestone. More research is needed to confirm the sources of the observed anomalies.
Introduction
In connection to an environmental investigation of a former industrial site, the geological conditions in the surrounding area were mapped with resistivity and time domain induced polarization (DCIP). The aim of the DCIP survey was to delineate geological units and possible preferential pathways of DNAPL contaminated groundwater. The sedimentary bedrock in the area consists of mainly shallow marine deposited cretaceous sandy limestone (Christiensen 1984) , with grain sizes ranging from silt and sand to coarser material. Above the bedrock surface, reported to be located at approximately -20 (Engdahl et al. 2011) or -40 (Gustafsson et al. 1979 ) mamsl, is a unit of calcareous sandy till overlain by thin layers of varved clay, peat and various fill material. The cretaceous sandy limestone extends to approximately -100 mamsl and is underlain by a calcareous, glauconitic sand layer with an estimated thickness of 35 m.
Varying resistivity values and large IP anomalies were found in the sandy limestone bedrock. Although IP anomalies corresponding to fractured crystalline bedrock have been observed previously (e.g. Magnusson et al. 2010 ), there are not many studies of the IP behaviour of limestone in previous research. Limestone is a unique geological material since it is mainly composed of calcite, in contradiction to many other types of sedimentary and crystalline rocks consisting mainly of silica. The implication of this is that the weathering processes in pure limestone do not result in clay mineral precipitation, which in other cases is one probable reason of observed IP anomalies in facture zones. The aim of this study is to present DCIP results of probable weakness zones in a sandy limestone, and contribute to the experience of geoelectrical properties of this type of bedrock.
Methods & Material
DCIP measurements were carried out in time domain with the Terrameter LS equipment. Four profiles in the surroundings of the former industrial site were measured, each 205m long with 2.5m electrode distance, pole-dipole configuration and separated cable layouts (Dahlin and Leroux 2012) . Since the site was located in an urban area close to a railway, the gate lengths of for the IP responses was chosen to multiples of 60 ms. In this way, train traffic disturbances at the frequency of 16 2/3 Hz were efficiently removed from the measured data. In order to provide reference data unaffected by man-made installations, measurements were also carried out at a site approximately 4 km from the main survey area. At this location, the ground consists in large of the same geological units, and the measured reference line was situated in a field a few hundred meters outside a residential area.
The DCIP data was were inverted in Res2Dinv using robust (L1 norm) constraints and model cell widths half of the electrode spacing. The residuals of the inverted resistivity and chargeability models were all below 5% which confirms a good model fit.
Results
The resistivity values in the limestone bedrock varied a lot; for example, in Line 17 (Figure 1 Although the DCIP measurements were made in an urban environment, the depths of the discussed anomalies inferred that these could not be the result of anthropogenic disturbances, such as cables and pipes. These features could be identified in the DCIP sections much closer to the ground surface. Furthermore, the IP anomalies do most likely not occur as a result of 3D effects. Firstly, no probable sources for the IP anomalies could be identified in the surroundings at locations systematically corresponding to the IP anomalies in the bedrock. Secondly, a similar chargeability anomaly with values in the range 10-25mV/V was measured in the reference line, located at a site where no possible sources of man-made structures that can cause 3D effects are expected.
Near Surface Geoscience Turin, Italy, 6-10 September 2015 The inverted chargeability sections from three out of the four measurement lines in the main survey area are visualized in a fence diagram in Figure 2 . The fourth line was located parallel and close to Line 2 and did not give any additional information. As can be seen in Figure 2 , there appears to be a connection between the IP anomalies measured in Lines 17 and 4. There is also a possible connection between the border anomaly in Line 2 and a second anomaly in Line 4.
Discussion
From Engdahl et al (2011) , there were no previous records or expectations of fracture zones in the bedrock of the investigated area. However, drilling results indicated a complex geology which did not correspond to a smooth bedrock surface, and the DCIP results showed dramatic vertical variations in resistivity, which is usually an indication of higher water content and, indirectly, of weakness zones.
Joints in fractured bedrock can be open or filled with different materials. If chemical weathering occurs within the joints, they can be filled with precipitates. Chemical weathering of silicates is a common process, whereby the reaction of silicates with hydrogen ions in water results in formation of the clay mineral kaolinite. The process is thus favoured by acid water. Presence of clay minerals in geological material is known to produce IP effects (e.g Vinegar & Waxman 1984) , and the presence of IP anomalies corresponding to fractured rock have been interpreted as indications of clay weathering (e.g. Magnusson et al. 2010 , Marescot et al. 2008 .
Limestone is also sensitive to chemical weathering by acid water, but in contrast to silicates, the weathering of calcite minerals results only in dissolution, without any weathering products in form of minerals. It is unknown, what effect joints filled with calcite precipitates from weathering dissolutionNear Surface Geoscience Turin, Italy, 6-10 September 2015 precipitation processes may have on IP signals. Okay et al. (2013) observed high IP values in calcitefilled tectonic fractures contained in a clay-rock formation, but the IP effects were interpreted as results of smaller amounts of pyrite present in the fractures and not as an effect of the calcite material itself.
Figure 2 Fence diagram of inverted chargeability. A distinct anomaly of high chargeability in the bedrock is visible in the cross section between lines 4 and 17.
It is unknown if the sources of the strong IP anomalies observed in this study is the result of chemical clay weathering of silicates contained in the sandy limestone, or if structural changes in the weakness zones can produce such IP effects. Another hypothesis may be sporadic presence of glauconitic sand in the cretaceous limestone, although the calcareous glauconitic sand layer should form a separate unit below about -100mamsl. Glauconitic sand minerals contain iron, and metallic minerals are known to produce large IP effects (e.g. Pelton et al. 1978 ).
More research is needed to confirm the presence of weakness zones in the sandy limestone bedrock at the site, preferably by core drilling followed by geophysical borehole logging. Mineralogical and structural investigations of limestone cores are needed to identify the sources of the observed IP effects. Such studies would aid the general interpretability of DCIP data measured in limestone bedrock. Assuming that the weakness zones can be confirmed, the formation of these are also of interest. IP anomalies occurred not only in the main survey area but also in the reference line. There are several indications of ruff bedrock relief due to erosion within the Kristianstad basin (Gustafsson et al. 1979) , and this together with an existence of weathering zones might be an explanation to the anomalies in IP data.
Near Surface Geoscience Turin, Italy, 6-10 September 2015
The investigated former industrial site is one of the most chlorinated hydrocarbon sites in southern Sweden, and contaminants dissolved in the ground water has been spread over areas of several hectares. It is therefore of huge importance to understand the character of the bedrock formation, infillings and weakness zones to be able to delineate the pollution.
Conclusions
Varying resistivity and large IP anomalies were found in the sandy limestone bedrock. Although weathering processes in limestone are not directly comparable with those in other sedimentary or crystalline rocks, it has been seen in previous surveys that low resistivity and high IP measured in silica based bedrock can be indicators of weakness zones, e.g. fracture zones. The low resistivity and high chargeability anomalies in this study may be caused by calcite dissolution or by clay mineral precipitation from chemical weathering of the silica grains contained in the sandy limestone. Another possibility may be sporadic presence of glauconitic sand in the limestone. More research is needed to confirm the sources of the observed anomalies.
